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Abstract 
The use of energy in manufacturing processes provides great saving potential. Independent studies estimate possible energy savings up to 30 %. 
In order to benefit from these potentials, manufacturing companies need guidelines, which support them in identifying energy waste. The 
methodology presented provides a four-step approach to increase energy productivity. After creating transparency with an energy oriented 
value stream mapping and the identification of possible measures to reduce energy waste, the effects of measures on existing key performance 
indicators of Lean Production Systems (LPS) are analyzed. For that purpose an impact network was generated, which shows possible effects. 
Based on that impact network, a generic system dynamics model helps to simulate dynamic effects on important target figures out of the LPS 
key performance indicators. With that information, manufacturing companies are able to increase energy productivity without having negative 
effects on existing manufacturing structures. 
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1. Introduction 
Being one of the main energy consumers, the 
manufacturing industry has a certain responsibility for the 
reasonable use of this resource. Therefore, the increase of 
energy productivity has become an important contribution for 
manufacturing companies in order to secure their 
competitiveness. Energy productivity is measured as the 
useful output divided by the energy input [1]. On shop floor 
level it is even more common to use energy intensity, which is 
the inversion of energy productivity [2]. From a 
manufacturing perspective, energy intensity is given by the 
ratio of energy input in production and a unit of industrial 
output, e. g. kWh/car [3], [4]. Thus the increase of energy 
productivity is in accordance with the decrease of energy 
intensity. This goal can be reached either by the enhancement 
of the industrial output or by the reduction of the energy input. 
Since industrial output is driven by market demand, it can’t be 
changed arbitrarily. Therefore, it usually makes more sense to 
concentrate on low energy input by the identification and 
reduction of energy waste. 
 During the last decades energy productivity was not of 
great concern for manufacturing companies. Car 
manufacturers for example rather focused on implementing 
Lean Production Systems (LPS) in order to improve 
production processes [5]. Besides principles like Just-in-Time 
production and Jidoka, which enables production machines to 
stop autonomously in order to avoid manufacturing defects, 
LPS are based on the continuous improvement process (CIP) 
to reduce waste in production by continuous step-by-step 
improvements [6], [7]. The implementation of LPS played an 
important role to increase labor productivity by almost 400% 
during the second half of the 20th century. Since energy 
productivity is no pursuit of LPS, it has not even doubled 
during the same time period [8]. Therefore, potentials to 
reduce energy waste in manufacturing are unaltered high [9].  
Reducing energy waste in manufacturing companies with 
an existing LPS can have unpredictable impacts on LPS key 
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performance indicators [10]. For the identification of these 
impacts, four main target figures have been chosen out of the 
key performance indicators, which represent the four LPS 
target dimensions flexibility, economic feasibility, speed and 
quality [11]. Flexibility is represented by the LPS target figure 
Every-Part-Every-Intervall (EPEI), which describes the ability 
of manufacturing to react on short-term fluctuation of market 
demand [12]. Economic feasibility is measured by the LPS 
target figure Overall Equipment Effectiveness (OEE). Speed is 
substituted by Lead Time and the LPS target figure Quality 
Rate is used to measure quality while giving the percentage of 
good parts without rejects and reworks [13][11]. 
The following example shows possible impact relations 
between measures to reduce energy waste and LPS target 
figures. Fig. 1 shows an oven which is used for a drying 
process that does not utilize its full capacity in order to create 
a single-piece flow. After changing the single-piece flow 
principle into a batch production, the oven need less energy 
because the oven door is opened less often, which means 
reduced heat losses. However, it also results in a longer lead 
time, because of the required buffer after the drying process. 
Moreover, further impacts on other target figures are 
imaginable. 
 
 
Fig. 1. Interdependencies between energy productivity and lead time through 
the change of a drying process [14] 
On this background, the Project Group Resource-efficient 
Mechatronic Processing Machines (RMV) of Fraunhofer 
Institute for Machine Tools and Forming Technology (IWU) 
has developed a four-step methodology to reduce energy 
waste in manufacturing while considering impacts on the 
described LPS target figures. This paper will give a short 
overview of the four steps of the methodology, deepening the 
third step of identifying impact relations with the help of a 
generic system dynamics model. The paper ends with a 
conclusion and an outlook on ongoing case studies in body 
shop and engine manufacturing of an automobile producer, 
where the methodology is tested exemplarily. 
2. Methodology to increase energy productivity  
Fig. 2 shows the structure of the four-step methodology 
with its consecutive components. The first step is called 
energy oriented value stream mapping. Its purpose is the 
creation of transparency about a chosen manufacturing area 
regarding production and energy data. Furthermore, a first 
overlook about existing energy waste is given. The method to 
create this transparency is an advancement of the value stream 
mapping. In the second step, the gained information is used to 
generate specific measures to reduce energy waste with the so 
called house of energy productivity [14]. In step 3 the 
measures are tested for impacts on the LPS target figures. 
Therefore, a generic system dynamics model has been 
developed. The last step gives a recommendation to the user, 
whether a measure should be implemented or not. In addition 
to a traditional economic efficiency calculation, the impacts 
on LPS target figures are evaluated as well. 
 
 
Fig. 2. Four-step methodology to increase energy productivity 
This chapter will describe how the methodology was 
developed and how it is used within a complex system like an 
LPS. The emphasis of the paper lies on the generic system 
dynamics model in order to evaluate impacts of energy 
productivity measures on LPS target figures. The development 
of the methodology made some preliminary work necessary, 
which will be explained below.  
2.1. Preliminary work 
Impact relations are the illustration of connections in 
complex systems [15]. Such connections can be summarized 
within an impact network consisting of different types of 
figures: target figures, actuating figures, auxiliary figures, 
exogenous figures and endogenous figures. The target figures 
are in case of the methodology the LPS target figures, 
mentioned before. Auxiliary figures can be described 
mathematically by other figures and help to illustrate the 
connections of the complex system. Actuating figures cannot 
be divided further. These figures can be influenced directly 
during the implementation of an energy productivity measure 
[16]. Endogenous figures exist within a complex system, but 
can only be influenced indirectly, e. g. the random occurrence 
of technical trouble in production. The counterparts are 
exogenous figures, which have influence on the system, but 
cannot be affected by the system, e. g. a market driven 
customer demand [17]. 
In case of the methodology, the complex system is an LPS 
with a process chain consisting of several process steps. Since 
the target figures of the system are known, the components of 
the impact network can be found by splitting every LPS target 
figure into a tree diagram as shown exemplarily in fig. 3. 
before:
after:
EPEI
lead time
OEE
quality rateb
co
m
pa
ny
 le
ve
l
sh
op
 fl
oo
r l
ev
el
energy 
productivity
energy 
intensity
drying
process
LPS target
figures
energetic
perspective
step 1
energy
oriented
value stream
mapping
step 2
house of
energy
productivity
step 3
generic
system
dynamics
model
step 4
extended
economic
efficiency
calculation
494   P. Schnellbach and G. Reinhart /  Procedia CIRP  26 ( 2015 )  492 – 497 
 
Fig. 3. Tree diagram of the LPS target figure EPEI including different types 
of figures 
With consolidation of the tree diagrams of all four LPS 
target figures, redundancies were eliminated and the 
remaining figures were positioned into the five groups of the 
different types of figures within the impact network (fig. 4).  
 
 
Fig. 4. LPS impact network 
With this preliminary work, all impact relations are 
identified. The impact network includes all important figures 
and its mathematical connections. It is a generic static 
visualization of the impact relations in an LPS.  
2.2. Energy oriented value stream mapping and house of 
energy productivity 
The idea of the first step of the methodology is to choose a 
certain process chain and create transparency about 
production and energy data. From a state of the art research it 
is obvious, that the value stream mapping [11, 18] and its 
energetic derivatives [1, 19] are appropriate to support this 
idea. The existing value stream methods were evaluated and 
extended by a detailed analysis of the electric power for all 
existing operational states in production. During the 
traditional value stream analysis the user of the method is free 
to collect all the production data which he or she attaches 
importance to. In the energy oriented value stream mapping of 
the methodology, the user gets a list of production data, which 
is due to collect. This list contains all actuating, endogenous 
and exogenous figures from the LPS impact network. As a 
result, the energy oriented value stream mapping provides all 
values needed for the impact network and all the energy data. 
Its transparency gives an overview of the existing energy 
waste potential as well. 
The house of energy productivity offers general guidelines 
for the deduction of specific measures to improve energy 
productivity based on the identified energy waste. Every 
measure must be positioned into a portfolio to identify its 
impact on the two dimensions of the energetic approach and 
the consideration level (fig. 5). The energetic approach 
describes whether the measure has an impact on power, on 
time, or on both. With the consideration level the 
differentiation between an impact on one single process step 
or on several process steps or the whole process chain is 
made. Further information about the second step of the 
methodology is given in [14]. 
 
Fig. 5. Energy productivity measure portfolio 
After the positioning of the measures, a checklist is used to 
identify all directly affected actuating figures and all 
indirectly affected endogenous figures. The position within 
the portfolio supports the check. All power based measures, 
which are positioned in the left areas of the portfolio, do not 
have impacts on actuating figures, which are affected by time 
based measures only. After the second step the user of the 
methodology has identified measures to increase energy 
productivity including all affected endogenous and actuating 
figures of the LPS impact network. 
2.3. Generic system dynamics model 
After the identification of measures, the next step of the 
methodology is the analysis of the impact relations to LPS 
target figures. Since the LPS impact network is only a static 
reproduction of the existing impact relations, it is not able to 
illustrate the dynamic behavior of the considered system. 
From a state of the art research, system dynamics was chosen 
as the appropriate method for the simulation of this dynamic 
behavior with a generic model. 
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2.3.1. System dynamics in manufacturing 
System dynamics modelling deals with the question of how 
a system reacts to dynamic forces and how those reactions 
shape its behavior during a specific time frame [20]. Stocks 
and flows are the fundamental parts of a system dynamics 
model. Stocks, which can be seen as state variables are altered 
by flows, which are also called rates. The dynamic behavior is 
simulated by calculus and differential equations. The 
coherence between stocks and flows can by explained easily 
with a bathtub example. The water in the tub represents the 
stock. It is filled by the inflow from the water tap and drained 
by the outflow, if someone puts out the plug [21]. This 
coherence is described mathematically with equation 1.  
³  TI dttOutflowtInflowISTS )]()([)()(               (1) 
S: Stock 
I: Initial status 
T: Point of time 
The stock S at a certain point of time T is calculated with 
the stock of the initial status plus the integral differential of 
the inflow and outflow [22]. Variables and loops complete the 
components of the typical system dynamics model [20]. In 
manufacturing, system dynamics models are often used to 
constitute production systems. Typical stocks in these models 
are work in process and produced parts [21].  
2.3.2. Development and behavior of the model 
In order to develop a system dynamics model, several 
guidelines can be found in literature [20, 23]. Usually, the first 
step of the development is the description of the considered 
system with a causal diagram. Then the system description is 
converted into a flow diagram consisting of state variables 
and rates which are mathematically linked. Since the causal 
diagram is only a qualitative description without any 
mathematical connection, it is often difficult to phrase the 
correct equations, which represent the dynamic behavior [24]. 
In case of the methodology, one single process step was 
modelled in a generic way. This model can represent every 
single process step in the LPS. Its mathematical description as 
a system can be derived from the preliminarily set up impact 
network. The flow diagram of the generic process step is 
shown in fig. 6. 
 
 
Fig. 6. Flow diagram of a generic process step 
The main elements of the model are the state variables of 
work in process and produced parts. In case of the model, the 
amount of work in process is the sum of all parts, which are 
either stored in front of the manufacturing equipment of the 
process step or being manufactured at the same time. The 
inflow of the work in process is generated through the 
production input rate, which marks one system boundary of 
the process step. The outflow of the work in process is 
generated through the production output rate. Every outflow 
increases the stock of produced parts, which marks another 
system boundary. The model contains three important loops. 
If the maximum work in process is reached, the inflow drops 
to zero, because no more parts can be put into the process 
step, as long as no produced parts leave it. If the minimum 
work in process is reached, this causes a drop of the outflow 
to zero until new parts will be put into the process step. The 
third loop results from the fact, that the considered system 
follows one important principle of the LPS, which is the 
avoidance of overproduction [25]. The consequence for the 
model of the methodology is the drop of the outflow to zero, 
when the demanded number of produced parts is reached. 
Hence, if the daily customer needs are fulfilled, the 
manufactured equipment is not used any more afterwards. If 
there is still some working time left until the shift ends, this 
time can be used for maintenance. 
Both the inflow and the outflow are influenced by different 
kinds of disturbances, which can be derived from the impact 
network as well. The inflow will be interrupted randomly by 
all kinds of trouble, which occur in the upstream process step. 
Temporarily, the work in process will absorb the interruption. 
With longer interruptions of the inflow, the minimum work in 
process will be reached, which also leads to a drop of the 
outflow. All kinds of disturbances do also occur in the 
considered process step itself, which results in a drop of the 
outflow. Just as described before, the work in process is able 
to absorb this interruption before it reaches the maximum 
work in process and also causes a drop of the inflow. The 
occurring disturbances were derived from maintenance 
literature [26]. Fig. 7 shows the trend of the stock of produced 
parts exemplarily for one working day with three shifts. The 
curve shows several break downs. At the end of the last shift, 
customer needs are fulfilled and no more parts are produced. 
In this structure of the system dynamics model, all impact 
relations of the process step are integrated. All LPS target 
figures are computable using the dynamic characteristics of 
the stock and the resulting disturbances. Since it is also 
possible to get a detailed analysis of the different production 
time periods like e. g. productive time, time for work breaks 
and time with technical trouble, the model multiplies the time 
period with the appropriate demand of electrical power and 
divides the result by the number of produced parts in order to 
calculate an exact value of the energy intensity per produced 
part. 
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Fig. 7. Exemplary trend of the stock of produced parts 
For each measure which was generated with the house of 
energy productivity, the system dynamics model can be used 
for sensitivity experiments in order to forecast the changes on 
the LPS target figures and the energy intensity. 
2.3.3. Sensitivity experiment and reporting 
Caused by the random occurrence of disturbances in 
manufacturing, the behavior of the dynamic system can differ 
every day. In order to simulate that behavior with the system 
dynamics model, a Monte Carlo sensitivity experiment is 
necessary. It helps to get a realistic forecast on the changes of 
the LPS target figures and energy intensity. A detailed 
analysis of the disturbance history must be conducted during 
the energy oriented value stream mapping. With statistical 
tests it is possible to describe the distribution function of the 
occurrence of disturbances [16]. 
 With that information, the energy oriented value stream 
mapping provides all the basic data that is needed to simulate 
both the initial values of the LPS target figures including 
energy intensity without the implementation of a measure and 
the changed values after the implementation. The results are 
illustrated with the mean and the boxplot for every target 
figure. In order to sum up the impacts on all target figures, 
their mean percentage increase or decrease is shown in a net 
diagram (fig. 8). 
 
Fig. 8. Net diagram of the mean percentage changes of target figures 
The timeline for the forecast can be defined by the user of 
the methodology. As economic efficiency calculations for 
such energy productivity measures are timed for at least one 
year, it is recommended to adapt the timeline of the 
simulation to the same period. After the determination of the 
impact of the energy productivity measures on the LPS target 
figures and energy intensity, the extended economic 
efficiency calculation finalizes the four-step methodology. 
2.4. Extended economic efficiency calculation 
There are different ways to calculate the economic 
efficiency of measures to increase energy productivity [27]. 
But the existing methods do not consider impacts on LPS 
target figures. The extended economic efficiency calculation 
combines traditional investment calculations like the net 
present value method with the information about the impact 
on LPS target figures and energy intensity. Therefore, the user 
of the methodology has the possibility first to weight the 
target figures and then combine these weights with their 
percentage changes. All figures are normalized to one single 
value which represents their overall changes. Since it provides 
the possibility for a consistency test based on mathematical 
logic, the methodology uses the Analytic Hierarchy Process 
(AHP) for this procedure [28]. 
In the last step of the methodology, every measure is 
evaluated with a traditional investment calculation, where the 
one time invests for the implementation are compared to the 
expected energy cost savings in order to get a return on invest. 
This value is also normalized in comparison with a minimum 
return on invest, which was defined by the user of the 
methodology. Finally, both values are positioned into a 
decision portfolio, which helps to decide whether the 
considered measure should be implemented or not (fig. 9). In 
the upper right area of the portfolio, both values are positive 
for the implementation of the measure. 
 
Fig. 9. Decision portfolio 
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3. Conclusion and outlook 
After pointing out the importance of increasing energy 
productivity in manufacturing, this paper gives an example of 
how energy productivity measures can have impacts on 
existing LPS target figures. In order to consider these impacts, 
a four-step methodology was developed. 
In preliminary works, an impact network has been created, 
which describes the existing impact relations in a generic 
process step, following the principles of LPS. In the first step 
of the methodology, the energy oriented value stream analysis 
creates transparency over a considered process chain and 
identifies energy waste potentials. Following, the house of 
energy productivity helps to derive energy productivity 
measures. The implementation of these measures is simulated 
with a generic system dynamics model in order to identify 
impacts on LPS target figures including energy intensity. 
Finally, this important information is used in an extended 
economic efficiency calculation, which supports the user of 
the methodology with the decision, whether the measure 
should be implemented or not. 
The upcoming phase of the presented research project will 
be the validation of the methodology. Therefore, two case 
studies were started in body shop and engine manufacturing 
of an automobile producer. The case studies will help to test 
the accuracy of the forecast from the system dynamics model. 
The studies are also important to increase the usability of the 
methodology in real production, which is an important 
criterion of the research project.  
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